Canonical ␤-catenin-mediated Wnt signaling is essential for the induction of nephron development. Noncanonical Wnt/planar cell polarity (PCP) pathways contribute to processes such as cell polarization and cytoskeletal modulation in several tissues. Although PCP components likely establish the plane of polarization in kidney tubulogenesis, whether PCP effectors directly modulate the actin cytoskeleton in tubulogenesis is unknown. Here, we investigated the roles of Wnt PCP components in cytoskeletal assembly during kidney tubule morphogenesis in Xenopus laevis and zebrafish. We found that during tubulogenesis, the developing pronephric anlagen expresses Daam1 and its interacting Rho-GEF (WGEF), which compose one PCP/noncanonical Wnt pathway branch. Knockdown of Daam1 resulted in reduced expression of late pronephric epithelial markers with no apparent effect upon early markers of patterning and determination. Inhibiting various points in the Daam1 signaling pathway significantly reduced pronephric tubulogenesis. These data indicate that pronephric tubulogenesis requires the Daam1/WGEF/Rho PCP pathway.
Three progressive developmental stages characterize mammalian kidney formation, resulting in the pronephros, mesonephros, and ultimately the adult kidney-the metanephros. 31 On the other hand, amphibian and fish kidneys transition only once, from the pronephric (embryonic) to the mesonephric (adult) stage. Formation of the mesonephros (and metanephros in mammals) requires the preceding formation of the pronephros, 32, 33 and nephrons within each distinct stage form as a consequence of similar molecular events, thereby producing analogous tubular morphologies. 34 -37 From an experimental perspective, the pronephros, which contains a single nephron, offers a simplified system that mirrors events of mesonephric and metanephric nephron formation. 34, 38 Multiple signals contribute to nephron formation, including those of the fibroblast growth factor, bone morphogenic protein, and Wnt pathways. 31, 39, 40 Numerous Wnt ligands are expressed in the developing kidney, including Wnt2, Wnt4, Wnt5a, Wnt6, Wnt7b, Wnt8, Wnt9a, Wnt9b, Wnt11, and Wnt11b, [41] [42] [43] [44] [45] [46] [47] [48] and several of these are required for nephrogenesis. Although the downstream signaling trajectories for several of these Wnt ligands have been identified, many within the context of kidney development remain unclear. Wnt ligands may activate the canonical trajectory, defined as occurring through ␤-catenin, and/or they may activate noncanonical trajectories involving planar cell polarity (PCP), calcium signaling components, or other constituents. Although practical considerations generally constrain investigators to address one or two trajectories within a single study, it is now thought that each Wnt ligand is likely to activate several trajectories in context-dependent manners and even within a single context to activate multiple networked trajectories (exhibiting crosstalk). 49 Wnt4 and Wnt9b are required for tubulogenesis within the metanephric mesenchyme in mice and initially act predominantly via canonical/␤-catenin signaling. 1, 41, 45 However, attempts to rescue Wnt4 and Wnt9b knockouts with ␤-catenin in explants of mouse kidney resulted in partial success, permitting metanephric mesenchyme condensation, but failed tubulogenesis. 1 Furthermore, the overexpression of ␤-catenin in developing mouse or frog kidneys reduces tubule epithelialization. 1, 2 These studies suggested that canonical Wnt signals arise downstream of Wnt4 and Wnt9b, but must subsequently be attenuated for proper tube formation. 1, 50 Indeed, recent studies provide tantalizing evidence that noncanonical Wnt signals attenuate canonical Wnt signals to promote tubulogenesis. 9, 14, 15 Several noncanonical Wnt components of the PCP pathway are implicated in kidney tubulogenesis, and disruption of these components is linked to morphogenesis defects leading to cystic kidney diseases. 51 Mouse kidneys with hypomorphic Wnt9b expression in collecting duct stalks exhibit cystic phenotypes and deficient tubulogenesis, consistent with reduced Rho and JNK activation and the misorientation of cell divisions within developing nephric tubules. 9 Vertebrate Inversin, a ciliary protein disrupted in nephronophthisis II cystic kidney disease and homologous with the Drosophila PCP component Diego, has been likened in zebrafish to a molecular switch between canonical and noncanonical Wnt signaling. 15 Mutations in seahorse, the zebrafish protein product of which interacts with Inversin and Dishevelled, likewise result in cystic kidneys, 14 whereas Vangl2, homologous to Drosophila PCP component Van Gogh, regulates the posterior tilt of primary cilia within the zebrafish pronephric duct. 10 In nonkidney mucociliary epithelia, Dishevelled's DEP and PDZ domains, which each contribute to noncanonical Wnt signaling, respectively participate in ciliogenesis or cilia orientation. 52 Finally, loss of the fat4 protocadherin in mice, which in Drosophila is needed to orient PCP in the wing, 53 resultsincystickidneydisease. 8 Thesestudiesunderscorenoncanonical Wnt PCP roles upstream or in conjunction with Dishevelled during kidney tubulogenesis.
In addition to roles in the formation and orientation of cilia and oriented cell division, vertebrate PCP signaling components have common roles in morphogenic directed cell migration, as occurs in gastrulation, convergent extension, and neurulation. Disruption of vertebrate PCP components results in common phenotypic outcomes including defects in gastrulation and neural tube closure and morphogenic processes involving cell migration dependent upon Rho family small-GTPase activity. 54 -61 PCPmediated Rho activation involves the formin protein Daam1 (Dishevelled-associated activator of morphogenesis), which together with its associated Rho-GEF, WGEF, participates in cytoskeletal regulation (e.g., convergence and extension movements). 61, 62 Formin proteins modulate actin polymerization by coordinating the association of actin monomers, recruited by profilin proteins, to the barbed, elongating ends of filamentous actin. [63] [64] [65] Because most other PCP effectors, including JNK and small GTPases, act in additional non-PCP pathways, Daam1 appears to provide a useful entry point to more selectively evaluate PCP signaling. Upon binding Dishevelled, Daam1's autoinhibition is relieved, allowing it to promote Rho activation and actin polymerization. 66 Additionally, the actin-monomer binding proteins profilin-1 and profilin-2 are direct effectors of Daam1, with each exhibiting distinct roles in gastrulation. [67] [68] [69] Thus, Daam1 provides a molecular target linking PCP signaling and cytoskeletal events. Daam1 and WGEF each provide an important and accessible experimental opportunity to assess the Daam1/WGEF/Rho trajectory's role in tubule morphogenesis.
Although there is growing evidence linking kidney development and disease with noncanonical Wnt PCP signaling, the role of PCP components directly regulating the actin cytoskeleton in tubulogenesis has not been established. In this study, we show that Daam1 and WGEF are expressed in the developing pronephros, and we use amphibian (Xenopus laevis) and fish (Danio rerio) model systems to show that Daam1, WGEF, and Rho are required for generating proper tubule morphologies.
RESULTS

Daam1 and WGEF Are Expressed in the Developing Xenopus Pronephros
To assess whether the temporal protein levels of Daam1 are consistent with its possible involvement in pronephric devel-opment, we conducted immunoblot analysis using a characterized antibody directed against Daam1. 68 Daam1 protein is present in whole Xenopus egg and embryo lysates, maternally through tadpole stages, overlapping with pronephric kidney formation from gastrulation (stage 12.5) through tadpole stages (stage 41) ( Figure 1A ). To examine Daam1 and WGEF spatial expression across embryonic kidney development, reverse-transcriptase PCR (RT-PCR) was undertaken of surgically isolated pronephric regions from Xenopus, demonstrating expression of both transcripts between stages 12.5 and 35. Transcript levels intensified at roughly stage 25, before differentiation and morphogenesis of the pronephric epithelium ( Figure 1B) . In situ hybridization studies in whole animals showed that Daam1 and WGEF transcripts are expressed over a range of embryonic stages (Supplementary Figure S1) . When compared with sense control probes, Daam1 and WGEF antisense probes detected Daam1 and WGEF transcripts within the pronephric tubule and duct at stage 41 (data not shown), a stage not assessed in prior in situ studies. 62, 70 Thus, Daam1 and WGEF transcripts were detected earlier via RT-PCR ( Figure  1B ) than using in situ methods (data not shown). 62, 70 Collectively, the temporal and spatial expression profiles of Daam1 and WGEF are compatible with potential contributions toward kidney development.
Daam1 Depletion in Xenopus Alters the Expression of Late but Not Early Pronephric Markers
As a first test of Daam1's involvement in pronephric development, we examined effects upon nephric marker expression after its depletion. Knockdown of Daam1 was achieved using an established translation blocking Daam1 morpholino (MO) targeting the transcript's 5Ј untranslated region. 61 Immunoblot analysis confirmed the reduction of Daam1 protein levels in gastrula-stage embryos as compared with uninjected or standard control (Std MO)-injected embryos (Figure 2A) .
Because Daam1 and WGEF are expressed in the developing pronephros (Figure 1 ), we assessed knockdown effects on early pronephric markers of patterning and determination, Lim1 and vHNF. By injecting MO into the V2 blastomere on the left side of eight-cell stage Xenopus embryos, in combination with a nuclear-mCherry membrane green fluorescent protein (GFP) lineage tracer, 71 spatial targeting of the pronephric anlagen was achieved and confirmed. Embryos were allowed to develop until stage 28 to 30 and then analyzed for Lim1 or Hnf1␤ expression by in situ hybridization ( Figure 2B through 2D). The small fraction of animals with reduced expression of Lim1 or Hnf1␤ markers on the Daam1-MO injected as compared with the uninjected side of the embryo was similar to that seen with Std-MO-injected negative controls ( Figure 2B through 2D). Our in situ hybridization data therefore suggest that targeted Daam1 depletion does not disrupt early development of the pronephros.
Because Daam1 and WGEF expression was found to intensify at stage 25 after the pronephros is patterned and determined (Figure 1B) , pronephric Daam1 depletion may affect differentiation and/or morphogenesis. We therefore assessed the effect of Daam1 knockdown on epithelial markers within the glomus (similar to the metanephric glomerulus), proximal tubules, distal tubules, and collecting ducts using a similar V2 blastomere targeting strategy as noted above ( Figure 3A ). Embryos were allowed to develop until stage 38 to 40 and were then analyzed via in situ hybridization for the expression of Nephrin (nphs1; glomus), Chloride Channel (clckb; distal tubule and duct), Sodium Glucose Cotransporter (slc5a1; proximal tubules), and Sodium Potassium ATPase (atp1a1; tubules and duct). After Daam1 knockdown, the fraction of animals with reduced expression of nphs1 on the injected side as compared with the uninjected side of the embryo was similar to that of the Std-MO-injected controls ( Figure 3B ). In contrast, the fraction of animals with reduced expression of clckb, slc5a1, or atp1a1 in Daam1-MO-injected as compared with uninjected embryo sides was greater than that for Std-MO-injected controls ( Figure 3B ). Although there was no observable loss in nphs1 expression ( Figure 3 , B and C), Daam1-MO-injected animals exhibited significant reductions in expression of clckb within the distal tubules and ducts, slc5a1 within the proximal tubules, and atp1a1 in tubules and ducts ( Figure 3 , B and D through F). The reductions in expression of these markers appears to result primarily from reduced tubule elaboration rather than reduced intensity of expression, suggesting that the epithelium has properly differentiated but that morphogenesis is disrupted. In all cases, these data together suggest that Daam1's function is crucial during subsequent differentiation and morphogenesis stages to form the proximal and distal tubules and collecting ducts of the pronephros.
Daam1 Depletion Alters Morphogenesis of the Pronephric Tubules and Duct in Xenopus
Because Daam1 depletion reduces marker expression of the mature pronephric epithelium and appears to alter pronephric morphology, we conducted a more thorough analysis of shape changes of the tubules and duct. Proximal tubule architecture was evaluated using the 3G8 antibody (unknown epitope) or lectin (sugar binding protein) staining, whereas that of distal tubules and duct used the 4A6 antibody (P.D. Vize, personal communication) ( Figure 4A ). 72 To quantitatively assess the effects of perturbing Daam1 pathway components on proximal tubule morphogenesis, an established pronephric index (PNI) scoring system was utilized that compares the development of proximal tubule components on the injected (left) sides versus uninjected (right) sides. 73 The PNI system assigns one point for each of the five proximal tubule components of the mature pronephros (stage 38 visualized using the proximal tubule marker 3G8 antibody or lectin); this results in fully developed proximal tubules receiving a score of 5. Unformed tubules receive a score of 0, and scores for partially formed tubules range between 1 and 4. The PNI is expressed as the number of tubule components on the uninjected (right) sides minus that on the injected (left) sides of the embryo. Thus, experimental conditions that significantly reduce tubule components result in high PNI values, whereas conditions of little consequence result in low PNI values. 73 Originally, the PNI system was stringently defined such that values Ն2 were considered significant. 73 However, within our studies, PNI values Ͻ2 were shown to be significant in certain experimental cases on the basis of repeated observations and statistical analyses, thereby supporting the existence of subtle changes in pronephric development at later stages of epithelialization and morphogenesis.
Relative to Std-MO-injected controls, Daam1 pronephric depletion reduced tubule elaboration and branching in pronephic proximal segments ( Figure 4 , B through D). This was reflected in PNI values being significantly greater after pronephric Daam1 knockdown ( Figure  4B ). Similar results were obtained using a dominant negative N-Daam1 construct (data not shown). 61 Tubule and duct morphogenesis was further assessed, with Daam1 depletion leading to reduced proximal and distal tubules and ducts. To assess a possible secondary effect contributing to the observed alterations, we examined somite integrity because earlier work implicated somite involvement in pronephrogenesis. 74 After examination of Daam1-MO-versus Std-MO-injected animals (12/101 antibody/myofiber marker), no significant loss in somite integrity was observed ( Figure 4 , C and F).
To assess the specificity of Daam1 MO effects, we wished to test if the above noted pronephric morphogenic defects could be rescued using co-injected full-length Daam1 (flDaam1; resistant to Daam1 MO). 61 First, we assessed if flDaam1 overexpression itself within the developing pronephros produced a phenotype. However, unlike other PCP components producing overexpression phenotypes, 54, 55 Daam1 is autoinhibited (when not bound to Dishevelled), 61 likely accounting for relatively subtle phenotypic effects upon its overexpression (Supplemental Figure S2 ). The rescuing capacity of flDaam1 ex- BASIC RESEARCH www.jasn.org pression upon Daam1 MO depletion was then evaluated. ␤-Galactosidase (␤-gal) was used as a negative control for rescue. As expected, Daam1 MO depletion in the presence of ␤-gal continued to result in fewer proximal tubule components (no rescue) relative to Std MO ϩ ␤-gal-injected controls ( Figure 4G ). In contrast, flDaam1 exhibited clear rescuing capacity ( Figure 4G ). Similarly, as evaluated using a prior noted antibody or lectin staining, we determined that flDaam1 significantly rescued proximal tubules ( . These data together demonstrate that our MO-directed pronephric depletion of Daam1 is specific.
Daam1 Depletion Has Little Effect on Proliferation or Apoptosis within Pronephric Tubules
In addition to effects upon differentiation or morphogenesis, reduced staining of pronephric markers might result from the loss of cells through decreased proliferation, increased apoptosis, or from changes in cell size. As assessed by in situ staining using the atp1a1 marker, we first observed that Daam1 depletion results in reduced cell number rather than cell size (data not shown). We then tested whether Daam1 depletion altered proliferation or apoptosis at two time points after the increase of endogenous Daam1 and WGEF expression at stage 25. Cell proliferation, assessed using a phospho-histone H3 antibody, 75, 76 was not effected by Daam1 depletion within the pronephric region at stage 27 (data not shown). An apparently small decrease in proliferation was observed in stage 32 pronephric proximal tubules after Daam1 depletion (an averaged difference of Ͻ1 cell per kidney) (Supplemental Figure S3) . Because tubule staining (3G8 antibody), and likely the total cell number within Daam1-depleted pronephroi, is reduced compared with controls, this small difference is even less likely to be meaningful. As measured using an active caspase-3 antibody 77 after Daam1 depletion, no measurable apoptosis within the pronephros was detected at stage 27 (data not shown) or stage 32 (Supplemental Figure S4) . As a positive control, apoptosis was readily detectable in somite regions at both stages, and exposure of embryos to doxorubicin, an inhibitor of DNA replication, produced apoptosis in 100% of pronephroi and most other tissues. These data suggest that depletion of Daam1 has negligible effects on proliferation and apoptosis and that the observed alterations in pronephric tubular structure are likely due to effects upon differentiation and morphogenesis.
WGEF Depletion in Xenopus Perturbs Pronephric Tubule and Duct Morphogenesis
To further test the role of the Daam1 trajectory of the PCP pathway in pronephric tubulogenesis, WGEF, a Rho-GEF that associates with Daam1, was depleted within the pronephric field. Staining with proximal and distal tubule markers ( Figure 5A ) was assessed following established MObased WGEF knockdown using a strategy similar to that used with Daam1 knockdown. 62 The PNI scoring for reduced tubule components was significantly greater in WGEF-depleted than Std-MO-injected animals ( Figure 5B) . Likewise, the fraction of injected animals with reduced marker staining of the proximal tubule or distal tubules and duct was greater for WGEF-MO-than Std-MO-injected controls ( Figure 5 , C through E). Indeed, the pronephric phenotype resulting from WGEF knockdown was more severe than that after Daam1 knockdown ( Figure 4 , B and C, and Figure 5 , B and C). Somite integrity was similar in WGEF-MO-versus Std-MO-injected embryos ( Figure 5, C and F) . Possibly because Daam1 and WGEF physically interact, 62 their co-depletion caused similar reductions in staining of pronephric proximal tubules, distal tubules, and ducts, as seen for single depletions (Supplemental Figure S5) . These findings support a role of the Daam1/WGEF trajectory of the PCP pathway in pronephric tubulogenesis.
Dominant Negative Rho Alters Pronephric Tubule and Duct Morphogenesis in Xenopus
Because the Daam1/WGEF PCP trajectory leads to the activation of Rho GTPase, we examined whether Rho is indeed required for pronephros formation. Dominant negative RhoN19 (DN Rho) was injected into the V2 blastomere of eight-cell stage embryos, followed by staining for markers of proximal tubules or of distal tubules and ducts ( Figure 5A ). 78 -80 DN Rho injection resulted in PNI values significantly greater than for ␤-gal-expressing animals, meaning that the number of proximal tubule components was reduced ( Figure 5G ). Markers of proximal tubules, distal tubules and ducts, and somites further indicated that DN Rho has an inhibitory effect upon tubule, duct, and somite formation ( Figure 5 , H through K).
Daam1 Depletion in Zebrafish Reduces Kidney Tubulogenesis and Alters Morphogenesis
To support that the role of the Daam1 trajectory in nephrogenesis is not restricted to Xenopus, we examined Daam1 depletion in zebrafish (D. rerio) using an established MO. 81 The mature zebrafish pronephric kidney has an architecture similar to the Xenopus pronephros, containing a glomus, nephrostomes, tubules, and ducts (Supplemental Figure S6A) . Zebrafish pronephroi exhibit a characteristic shape, including nephrostomes that turn in toward the midline and pronephric tubules and ducts that run parallel to each other but never touch or branch (Supplemental Figure S6A) . We injected single-cell zebrafish embryos with Daam1 MO versus Std MO, allowing then to develop 72 hours postfertilization. Pronephric tubule and duct shapes were assessed using the ␣6F antibody, which recognizes the ␣ subunit of the sodium potassium ATPase. Whereas Std-MO-injected animals shared the characteristic pronephric shapes of uninjected embryos, Daam1-MO-injected animals exhibited the absence of nephrostomes or those that did not turn inward toward the midline (Supplemental Figure S6C) . Furthermore, evidencing phenotypes rarely seen under normal conditions, tubules and ducts became wavy (convoluted) after Daam1 depletion (Supplemental Figure S6 , B and D), occasionally branching and frequently touching (Supplemental Figure  S6E) . Because MOs are usually injected at the single-cell stage in zebrafish, multiple morphogenic tissues or events may have been influenced, including convergence-extension of the elongating embryo. Thus, analysis of convergent-extension was performed after Daam1 depletion; as anticipated, nearly all such embryos exhibited convergent-extension defects in contrast to Std-MOinjected animals (Supplemental Figure S6F) . In summary, disruption of the Daam1 PCP trajectory in zebrafish results in morphogenic defects of the pronephros, possibly reflecting Daam1's conserved role across vertebrate species.
DISCUSSION
Tubulogenesis is integral to the formation and function of multiple organ systems, including the kidney, lung, mammary and prostate glands, digestive tract, and cardiovascular and auditory systems. In each case, Wnt signals are crucial for the induction and morphogenesis of these tubular assemblies. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Although Wnt signaling requirements in kidney formation are accepted, 2, [41] [42] [43] [44] [45] [46] [47] [48] 82 understanding the relative contributions of varying Wnt components and trajectories remains a key question. For example, 8 -10,14,15 However, involvement of PCP effectors that regulate actin dynamics have not yet been studied in kidney formation or in tubulogenesis. Our study demonstrates that Daam1 and WGEF, components of the vertebrate PCP pathway involved in cytoskeletal modulation, are expressed in the developing kidney and are required for pronephric tubule morphogenesis in Xenopus and likely also in zebrafish (Figures 1, 4 , and 5 and Supplemental Figure S6 ).
Several studies support the hypothesis that Wnt signaling initially acts via canonical Wnt/␤-catenin signals that become attenuated and supplanted by noncanonical Wnt pathways. Supportive primary evidence for this idea includes studies in which ␤-catenin overexpression prevents kidney tubules from forming. 1,2 Additionally, within ex vivo mouse kidney explants derived from Wnt4 or Wnt9b knockout mice, exogenous ␤-catenin rescues condensation of the metanephric mesenchyme but fails to rescue subsequent tubule formation. 1 This is consistent with the idea that signals in addition to ␤-catenin and downstream of Wnts are needed in nephrogenesis. Studies in zebrafish suggest that the PCP component Inversin (homolog of Diego) attenuates canonical Wnt signaling and simultaneously induces PCP signaling through selective degradation of cytoplasmic Dishevelled. 15 However, the nature of the noncanonical components that attenuate canonical signaling remain poorly resolved. The studies presented here indicate that the Daam1/WGEF trajectory of the PCP pathway is required for the elaboration and morphogenesis phases of nephric tubulogenesis rather than for mesenchyme induction ( Figures 2 and 3) ; that is, after ␤-catenin induction/ condensation of the nephrogenic mesenchyme, we propose that the Daam1/WGEF trajectory contributes to the epithelialization and morphogenesis of developing nephrons. Because the pronephric WGEF knockdown phenotype is more severe than those after knockdown of Daam1 or inhibition of Rho activity, WGEF may play additional roles (beyond the Daam1 trajectory) within these developmental processes.
To this point, disruption of PCP components in the developing kidney, including Wnt9b, Fat4, Vangl2 (homolog of Van Gogh), Inversin (homolog of Diego), and Seahorse, leads to morphologic defects reminiscent of cystic kidney disease in humans. 8 -10,14,15 These components establish the plane of polarity to coordinate asymmetric signaling by downstream PCPeffectors such as Daam1, leading to alteration of the actin cytoskeleton. 86, 87 Unexpectedly, Daam1 knockdown does not show an obvious cystic kidney phenotype in Xenopus (Figure 4) , although in zebrafish a small fraction of animals exhibited cystic kidneys. 81 Differences in kidney phenotypes after perturbation of distinct PCP components may in part be a consequence of their relative positions within the PCP pathway. For example, components modulating a greater number of key effectors might be expected to have a more substantial effect on morphogenic processes than Daam1. Alternatively, Daam1 may play a role in cystic kidney disease but in combination with other unresolved factors. Hypomorphic Wnt9b expression in collecting duct stalks of mouse kidney results in a cystic defect thought to be primarily caused by failure of tubules to elongate in the face of misoriented cell divisions. 9 These hypomorphs also display reduced Rho and JNK activation, although it is unknown if this is instrumental in forming nephric cysts. 9 Thus, although Rho disruption upon Daam1 knockdown does not notably produce nephric cysts on its own, it may do so in combination with other (PCP, etc.) disruptions.
Studies to substantiate the role of PCP signaling in kidney tubulogenesis and cystic kidney disease are accumulating, 9,10,14,15,51 but the mechanisms underlying PCP involvement in shaping kidney tubules have remained largely unclear. For example, work has examined PCP participation in establishing the plane of polarity within tissues in relation to cilia formation and orientation as well as oriented cell divisions. 10, 14, 15, 51 However, the relevance of PCP signaling to cytoskeletal modulation, leading to directional cell movements in morphogenic processes such as gastrulation, convergent extension, and neurulation, suggests that PCP may also be involved in nephric tubulogenesis. 88 and WGEF are central players in PCP effects upon cytoskeletal architecture, which occur through the modulation of formin and Rho GTPase activities. Our work, in combination with previous studies of Daam1 in other tissues/systems, 61, 62, 66, 68, 69 appears consistent with its role in PCP-directed cytoskeletal rearrangements in nephric morphogenesis.
Our understanding of the role of Wnt signaling in tubulogenesis is growing because of the application of multiple animal models and differing organ systems. Commonalities exist between tubulogenic systems including kidney, lung, heart, and stomach, such as the requirement of canonical Wnt/␤-catenin signaling at early stages followed by its attenuation during further development. [1] [2] [3] [4] [5] [6] [7] Noncanonical Wnt signals are necessary in direct tubule branching of kidney, lung, and mammary gland, likely via contributions to directional cell migration. 8 -15 PCP is also linked with orientating the primary cilia of several tissues, including the kidney and inner ear, and ciliary signaling in turn has an effect on noncanonical signaling in the developing kidney. 8,10,14,15,94 -101 Although our evidence supports the role of PCP signaling in nephric tubulogenesis, the involvement of more downstream signaling components will require future work. The role of PCP signaling in processes such as gastrulation, convergent extension, and neurulation, and specifically in tissues including the kidney, will ultimately help to resolve its mechanistic involvement in tissue movements and cell-shape changes contributing to tube generation. In all cases, our findings show that there is a conserved requirement for the Daam1 trajectory of the PCP signaling pathway in the morphogenesis of tubular structures.
CONCISE METHODS
Embryos
X. laevis embryos were obtained, reared, 102 and visualized (Nikon model SMZ-U and Zeiss Stemi DV4). Zebrafish embryos, D. rerio strain DZ, were reared 103 and staged. 104 
Western Blots
Oocytes were isolated from adult female X. laevis. 105 Embryos were collected at various stages. 106 Protein lysates were made 107 and boiled for 5 minutes at 95°C in 2ϫ Laemmeli (BioRad) with 100 ⌴ dithiothreitol. Ten to 20 l of lysate (0.5 to 1 oocyte or embryo equivalent) were run on an 8% SDS-PAGE gel and transblotted to nitrocellulose. Blots were exposed to a rabbit Daam1 antibody (1:1000) 68 and/or a rabbit glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody (1:5000) (Santa Cruz FL-335) followed by goat anti-rabbit IgG horseradish peroxidase secondary (BioRad) and enhanced chemiluminscence (Pierce Supersignal West Pico).
RT-PCR Analysis
The pronephric anlagen was dissected from X. laevis embryos ranging from stages 12.5 to 35 and homogenized in 150 l XT buffer (300 mM sodium chloride, 20 mM Tris-HCl [pH 7.5], 1 mM EDTA, 1% SDS). Total RNA was isolated from pronephric anlagen and was used to generate first-strand cDNA. 108 The relative quantity of input cDNA was assessed by comparing ODC (ornithine decarboxylase) PCR band intensities. Linearity of PCR amplification was confirmed with consecutive doubling dilutions of input cDNA. 47 Primers used are as follows: Daam1-forward 5Ј-AGTCGATGGAGCCAGCATTG-3Ј, Daam1-reverse 5Ј-GCTTGGTCCTAAGTGCAGTC-3Ј, WGEF-forward 5Ј-CTCCA-TAGCCGTCGATCATT-3Ј, WGEF-reverse 5Ј-TGTTCCTGATACGC-CTGGTT-3Ј, ODC-forward 5Ј-GGAGCTGCAAGTTGGAGA-3Ј, and ODC-reverse 5Ј-TCAGTTGCCAGTGTGGTC-3Ј.
In Situ Hybridization
Digoxigenin-labeled RNA probes were prepared using the DIG RNA labeling kit (Roche). The constructs were linearized and synthesized using the listed enzyme and polymerase: CDaam1-antisense EcoRI/T7-sense NotI/Sp6, 61 NDaam1-antisense StuI/T7-sense NotI/Sp6, 61 115 Embryos were collected, fixed, and processed as described, eliminating the triethanolamine and acetic anhydride steps. 116 
Molecular Cloning
A nuclear-mCherry membrane-GFP construct containing H2b-mCherry and glycosylphosphatidylinositol anchor-GFP 71 was cloned into the pCS2 vector using the XhoI and XbaI restriction sites.
MOs and RNA Constructs
Published X. laevis translation-blocking MOs targeting the 5Ј untranslated region of Daam1 5Ј-CCGCAGGTCTGTCAGTTGCTTCTA-3Ј and WGEF 5Ј-TCATTGTGTGAGTCCATCAGTCCCG-3Ј were used with Std MO 5Ј-CCTCTTACCTCAGTTACAATTTATA-3Ј. 61, 62 For zebrafish Daam1 knockdowns, a splice-blocking MO targeting 5Ј-TCTTGACTTGCCCACCTGAAAGCGC-3Ј at the exon 6/intron 6 junction was used with the above listed Std MO. 81 cDNA constructs included flDaam1 and dominant negative NDaam1, 61 DN Rho, 78 -80 and a bicistronic nuclear-mCherry membrane-GFP. 71 cDNA constructs were linearized using NotI, transcribed in vitro using the SP6 mMessage mMachine kit (Ambion), and purified. 107 the uninjected side for DN-Rho-injected animals is greater than that for ␤-gal-injected controls. 
Microinjections and Drug Treatment
X. laevis microinjections were performed as described previously. 107 For targeting of constructs and MOs to the pronephros, microinjections were made into the V2 blastomere at the eight-cell stage, 106 which contributes primarily to the pronephros, dorsal and ventral fin epidermis, trunk crest, dorsal spinal chord, dorsal and ventral somite, lateral plate fin mesenchyme, central somite, hindgut, and proctodeum. 117, 118 Targeting of injected constructs was verified by co-injection with nuclear-mCherry membrane-GFP. 71 Zebrafish microinjections were performed at the single-cell stage. 119 Uninjected X. laevis embryos at stages 27 and 32 were treated with a 1:1000 dilution of doxorubicin hydrochloride (EMD Chemicals, KS13305, 5 g/l) in 0.1ϫ Marc's modified ringers solution for 4 hours before fixation.
Immunostaining
X. laevis and zebrafish embryos were stained as described previously. 2 Proximal tubules were detected using fluorescein-coupled Erythrina cristagalli lectin at 50 g/ml (Vector Labs) (PD Vize, personal communication) or primary monoclonal antibody 3G8 (1:30; unknown epitope), 72 whereas distal tubules and ducts and somites were detected using monoclonal 4A6 (1:5) antibody (unknown epitope) 72 and monoclonal 12/101 (myofiber marker; 1:100), respectively. 120, 121 Cell proliferation and apoptosis were respectively assayed using Upstate anti-phospho-Histone H3 (06-570) and BD PharMingen rabbit anti-active Caspase-3 (551150) antibodies. [75] [76] [77] Staining was visualized using goat anti-mouse secondary antibody (1:2000) coupled to alkaline phosphatase (AP) (Zymed) or goat anti-mouse IgG Alexa 488 or Alexa-555 (Invitrogen). In zebrafish, monoclonal antibody ␣6F (␣-1 subunit of NaK ATPase) with goat anti-mouse secondary antibody (1:2000) AP (Zymed) and nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate AP substrate (Roche) were used to detect tubules and ducts. 122, 123 Embryos stained with AP reagents were bleached as described previously. 124 Zebrafish embryos were dehydrated in methanol and cleared in Murray's clearing medium. 102 
Imaging
Images were captured with an Olympus SZX12 stereomicroscope with a DF PLFL 1.6ϫ PF objective and an Olympus DP71 12.5 megapixel camera and software (version 3.3.1.292). Images were assembled using Adobe CS4 Photoshop and Illustrator.
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